This paper investigates jets injection into supersonic main flow, where the jets are surrounded by the porous cavity. This application of the porous cavity to the jet injection aims for the supersonic mixing enhancement. Supersonic mixing technique is important for scramjet engines to improve combustion efficiency. This method using porous cavity has been experimentally studied. However, it is difficult experimentally to measure the mixing efficiency, total pressure loss, and a circulation between the main flow and the cavity flow. Therefore, this paper numerically studies this flow field. In the calculation, Navier-Stokes equations were solved using AUSMDV scheme with 3rd order MUSCL scheme and the four stage Runge-Kutta scheme. Two cases, with the porous cavity and without the porous cavity, were calculated. As a result, a circulation between the main flow and the porous cavity is confirmed. Moreover, it is found that the bow shock wave and the dead water region of the jet were the important factors of this circulation. In addition to the circulation, total pressure loss due to the porous cavity was revealed.
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Introduction
As a high speed transportation technology, scramjet engine 1) has attracted interests of many researchers. This engine is one of the air breathing engines, and it aims for the supersonic flight. Therefore, air enters the engine at supersonic state. Flow entering the engine keeps supersonic state to avoid excessive heating and dissociation. The inadequate residence time of air reads problems, which concerns mixing efficiency and flame holding. To solve these problems, many researchers have investigated supersonic flow field numerically and experimentally. As for mixing efficiency, a jet injection normal to a main flow is numerically investigated by Y. You et al.. 2) It revealed detailed flow feature and shock wave topology in the vicinity of the wall normal porthole injection. F. Sakima et al. 3) investigated wedge shaped injector into a supersonic cross flow, which revealed that the difference between circular injector and wedge injector in terms of a total pressure loss and a separation region around the jet. A technique using lobed strut induced streamwise vorticity was reported by P. Gerlinger, et al.. 4) As a result, length to achieve a perfect mixing became short. R. C. Roger et al. 1) reported a method using a swept ramp. It generated streamwise vortex which enhanced mixing. In addition to these techniques, many researchers pay attention to a cavity as a mixing enhancement device and a flame holder. T. Handa, et al. 5) combined ordinary cavity and secondary flow system, which achieved more rapidly mixing than ordinary cavity. A. Ben-Yakar et al. 6) reported cavity flow as a flame holder. Jian Li et al. 7) investigated the effect of air throttling downstream of cavity in the engine start up stage. As a result, it was found that air throttling improved mixing fuel and main flow. T. Ukai et al. 8) investigated a rectangular open cavity with upstream a injector model. They showed the relation between the jet position and the cavity oscillation. Many researchers have investigated the cavity flow. However, the traditional cavity flow causes total pressure loss due to the oscillating cavity flows. To prevent this total pressure loss, authors have proposed a mixing system using cavity and porous wall as shown in Fig. 1 . In this system, the porous wall separates the cavity from the supersonic main flow, which restrains separation from front edge of the cavity. Thus total pressure loss due to the cavity oscillation is reduced. A circulation between the main flow and the cavity flow is driven by a pressure difference across a bow shock wave. This cavity flow is slow enough to achieve mixing of the main flow with the fuel, which makes enough time to mixing the main flow with the fuel. This flow field has experimentally investigated with Schlieren method, pressure measurements, and a thermal tuft probe which can detect flow directions. [9] [10] [11] [12] As a result, it is found that the cavity flow is affected by the jets arrangements, which concerns the three dimensional structure of the bow shock wave. In the experiments, it is difficult to clarify the detailed three-dimensional flow around the cavity and the circulation between the main flow and the cavity flow at the same time. Therefore, the numerical study is one of the methods to obtain detail flow feature around the cavity. In this paper, the circulation between the supersonic main flow and the cavity flow, and total pressure loss are discussed. Two patterns, with and without porous cavity, were calculated.
Numerical Procedure
In the numerical calculations, three dimensional compressible Navier-Stokes equations were solved using the finite volume method in a generalized curvilinear coordinate. The inviscid flux was evaluated by AUSMDV with MUSCL scheme using Van albada limiter. Viscous term was evaluated by the central differencing technique. The four stage Runge-Kutta scheme was utilized for time integration. The Baldwin-Lomax turbulence model was adopted. The grid structure used for this calculation is shown in Fig. 2 . The grid numbers along x, y, and z direction were 309, 41, and 62, respectively. The grid intervals gradually decreased as it approached the upper and lower wall. The streamwise length of the main duct was 32.73h respectively. Eleven holes were distributed in the streamwise direction and fifteen holes were distributed in the spanwise direction. In the calculation a shape of the holes were square whose size was 0.201h * . As for the boundary conditions, choking conditions was applied to the nozzle throat. Non-slip condition was applied to the upper and lower walls, while slip conditions were used to both side walls. The exit conditions of the main flow were dependent on the exit Mach number, that is, they were extrapolated from the inner properties when the flow was supersonic, while the pressure at exit was fixed at the atmospheric pressure when the main flow was subsonic. The empirical formula proposed by the Doerffer at et al. 13) was used for the flow that passed through the holes of the porous wall. Jet arrangement used in this calculation is shown in Fig.  3 . Main flow pressure ratio p0/pb was 5.0. Moreover, jet pressure ratio was the same as that of the main flow. The calculation results were almost steady for 5 ms, which is discussed in section of result and discussion. Thus the calculation results were averaged for 5 ms.
Results and Discussion
Figures 4(a)-(c) show Schlieren images of experimental results, calculation results with and without the porous cavity, respectively. In the experiment, the details of the experimental setup is written in 11) reported by authors, and pressure ratio in the experiments was 3.0. However, the calculations were conducted at p0/pb=5.0. In the calculations, the pressure ratio for the boundary conditions was not the same as that in the experiment to make the starting shock wave move downstream in order to avoid complexities of the outlet flow fields such as a boundary layer separation or unsteadiness. Then, the local pressure non-dimensionalized by the upstream stagnation pressure were compared only in the supersonic region. In the experimental result as shown in Fig. 4(a) , the starting shock wave exists around x/h * =14.0. The region in the main flow between the throat and x/h * =14.0 is considered to be supersonic flow. Therefore, the region between the throat and x/h * =14.0 is focused on in the following discussions. A bow shock wave is generated by the injected jets. Moreover, some compression waves are confirmed on the porous region. Figure 4(b) shows the only main duct flow, and a black rectangle indicates the porous cavity region. A bow shock wave is generated by the jets, and some compression waves are confirmed on the porous region. These waves are similar to that of the experimental results. However, the compression waves from the porous wall in Fig. 4(b) seem to be weaker than that in case of the experimental result. A compression wave appears in front of impinging position of bow shock wave on the upper wall. This compression wave is due to a separation caused by the bow shock wave impinging on the x/h * =4.02
x/h * =22.00
Test section diffuser nozzle upper wall, which cannot be seen in the experimental results. In Fig. 4(c) , the flow field is very similar to that in the case with porous cavity except for the disturbances from the porous cavity. Therefore, the porous cavity effect is not confirmed considerably according to the Schlieren image. Figure 4(d) shows the pressure distributions of the calculated results for the two cases and an experimental one. In order to focus on the interaction between a bow shock wave and jets, the discussion about the results in Fig. 4(d) is limited only in the supersonic region, which is from x/h * =0 to about x/h * =13. In other word, the hatched area downstream of x/h * =13 is considered to occur a severe interaction between the starting shock wave and a boundary layer. As for the supersonic region in Fig. 4(d) , although the calculated results show slightly lower pressure distributions compared to the experimental ones, the qualitative tendencies are possibly in good agreement. Also, the position both for the calculations and experiment at which the pressures reach the peaks are almost the same showing that the bow shock and its incidence agree with the experiment. However, the discrepancy between the calculations and the experiments might be due to an underestimation of the calculated boundary layer along the nozzle and duct walls, which leads to larger effective cross sectional area and makes the pressure lower. It suggests that the turbulent model needs to be more accurate, whereas the authors have already adopted Baldwin-Lomax model only because of the calculation time and costs. Figure 5 shows colored image of velocity normal to the upper porous wall inside the cavity in the case with porous cavity. The velocity is non-dimensionalized by the sonic speed at the inlet. Blue and red colors indicate suction flow into the cavity and blowing flow from the cavity, respectively. White squares indicate jet positions. The suction flow into the cavity is confirmed around the jets, where the strong suctions are observed between the jets. These suction flows are considered to be caused by the bow shock waves and their interactions. In addition, the blowing flow into the main flow is confirmed behind the jets. The blowing flow behind the jets is faster than the suction flow. These blowing flows occur in dead water regions of the jets. This result implies that the circulation through the porous wall is considerably affected by the dead water region. Therefore, the dead water region effect on the circulation between the main flow and the cavity flow should be taken into account to exchange the flow between the main duct and the cavity. Figures 6(a) and (b) show the total pressure contours on the plane normal to streamwise direction at x/h * =13.96. Total pressure contours are non-dimensionalized by the stagnation pressure. In the case with the porous cavity, the total pressure contour is similar to that without the porous cavity. In Figs. 6(a) and (b), three low total pressure regions appear at z/h * =1.96, 3.16, and 4.37. These low total pressure regions correspond to wakes of the jets. In these three low total pressure regions, the total pressure loss with the cavity due to the jets is larger than that without porous cavity. In case with porous cavity, the low total pressure region in the vicinity of the lower wall is observed from z/h * =1.7 to 4.5, which is not confirmed in the case without porous cavity. Therefore, the low total pressure region from z/h * =1.7 to 4.5 might be affected by the porous cavity. The distributions of flow properties on the plane normal to the streamwise direction are not uniform due to the porous cavity, jets, and reflected bow shock from the upper wall. Therefore, the averaging area covers the whole plane normal to streamwise direction at x/h * =13.96 in order to check the total pressure loss and also to estimate unsteadiness of the calculated results. Time series averaged values of total pressure over the plane normal to streamwise direction at x/h * =13.96 are shown in Fig. 6(c) to monitor the temporal change in the flow field. The total pressure is almost constant for 5 ms at each case. Moreover, the time of round trip in the cavity based on maximum velocity in the cavity is less than 5 ms. Therefore, averaged value in the calculation results for 5 ms is defined as steady state in this paper. Averaged value of total pressure on this plane for 5 ms in case with porous cavity is 0.765. On the other hand, averaged value of total pressure over the plane for 5 ms in the case without porous cavity is 0.784. The strong circulation between the main flow and the cavity flow is limited around the jets as shown in Fig. 5 . Therefore, the effect of the porous cavity on the total pressure loss in the whole flow field is considered to be small. It is needed to find some method to increase the circulation between the main flow and cavity flow such as changing jet arrangement.
Figures 7(a) and (b) shows the instantaneous Mach number color image on the plane normal to spanwise direction. This plane position is in the middle of spanwise direction. In the case with porous cavity, a low Mach number region appear on the lower wall from x/h * =12.6, which is separation region. This separation is confirmed in the case without the porous cavity. However, this separation is very small in the case without porous cavity. The height of the separation in the case with porous cavity is 6.25 times as high as that without the porous cavity. These separations are caused by the bow shock wave impinging on the lower wall. The bow shock wave strength in the case with porous cavity is almost the same as that without porous cavity as shown in Fig. 4(d) . Therefore, this separation might be increased by the effect of the porous cavity. In addition, a separation in front of jets in the case with porous cavity is smaller than that without porous cavity. It implies that passive control effect of the porous cavity appears in the separation region in front of the jets. Figures 8(a) and (b) shows the instantaneous total pressure contour on the plane normal to spanwise direction. This plane position is in the middle of spanwise direction. In the case with the porous cavity, a large low total pressure region on the lower wall appears from x/h * =12.5. On the other hand, the low total pressure region at the same position in Fig. 8(b) is very small. Moreover, the total pressure in this region gradually increases compared with that in the case with porous cavity. These regions correspond to the separation regions as shown in Figs. 7. Therefore, the total pressure loss on the lower wall is affected by the separation due to impinging of the bow shock wave. Figure 9 shows instantaneous vector on the plane normal to spanwise direction in the cavity. This plane positon is in the middle of spanwise direction. A black rectangle indicates jet position. The length of vectors is fixed at constant. The vector color indicates flow velocity. In this graph, suction flow is confirmed in front of jet as shown in Fig. 5 . This flow goes to downstream, and blows into the main flow behind the jets. The velocity of this blowing flow is the fastest in the cavity region. This result implies that the dead water region of the jets affects the cavity flow considerably. In the cavity region, the flow from upstream to downstream is confirmed. On the other hand, the flow from downstream to upstream appears on the lower wall between x/h * =7.12 and 8.5, which is due to the suction flow caused by the bow shock wave. But this effect is very small.
Conclusion
In this paper, numerical study was conducted to clarify the effect of the porous wall and cavity on the supersonic main flow. The results are summarized as follows: 1) The calculation results such as a Schlieren image and pressure distribution qualitatively corresponded to the experimental results.
2) The circulation between the main flow and porous wall was confirmed. The effects of the dead water region and bow shock wave were very important for this circulation.
3) The total pressure loss due to the porous cavity was small. However, the circulation between the main flow and the cavity flow was limited around the jets. Therefore, it was needed to find some methods to increases circulation such as changing jet arrangement. 4) The porous cavity affects the separation on the lower wall due to the bow shock wave. The height of the separation in the case with porous cavity is 6.25 times as high as that without the porous cavity. These separations cause the total pressure loss on the lower wall.
